Leishmaniasis is among the world's most neglected diseases. Currently available drugs for treatment present drawbacks, urging the need for more effective, safer, and cheaper drugs. A small library of artemisinin-derived trioxanes and synthetic trioxolanes was tested against promastigote and intramacrophage amastigote forms of Leishmania infantum. The trioxolanes LC50 and LC95 presented the best activity and safety profiles, showing potential for further studies in the context of leishmanial therapy. Our results indicate that the compounds tested exhibit peroxide-dependent activity.
L
eishmaniases are a group of opportunistic and emerging diseases, representing the ninth largest health burden among individuals (1, 2) . In the Mediterranean basin, infections by Leishmania infantum represent an important health problem, causing extensive canine and also human leishmaniasis mainly associated with immunosuppressed status, such as HIV coinfection (3) . To date, the sole effective vaccination available in the Mediterranean region is for dogs (CaniLeish, marketed in 2011), and diagnostic tools show low sensitivity, due to deficient vector control measures, placing chemotherapy as the sole effective solution. However, currently available chemotherapeutic formulations (e.g., pentavalent antimonials, paromomycin, liposomal amphotericin B, and miltefosine) are expensive, show toxicity to the host, and have declining efficacy in some geographic regions, mostly due to increasing selection of resistance (4) . WHO advocates an urgent need for new, efficient, safe, and affordable drugs for the treatment of leishmaniasis (1) .
Artemisinin and derivatives (ARTs) and synthetic peroxides have demonstrated efficacy against protozoan parasites, such as Plasmodium (5) (6) (7) (8) and Perkinsus species (9) . ARTs exhibit antiparasitic activity against Plasmodium falciparum at nanomolar concentrations and are widely used for the treatment of malaria, as part of the artemisinin combination chemotherapy protocols recommended by the WHO (10). Similar antiparasitic activity was achieved by selected synthetic trioxolanes (8, 11) and tetraoxanes (12) . These peroxides have been considered alternatives to artemisinin-derived antimalarials, and some have gone to clinical trials for use as malaria chemotherapy (12, 13) . They are easily synthesized, and the preparation of a library of compounds for structure-activity relationship (SAR) studies and lead optimization is thus facilitated. The antiparasitic activity of peroxides against other human protozoans, namely, Leishmania spp., has scarcely been explored. Chollet et al. (14) reported on the activity of fluoroartemisinins against promastigote forms of Leishmania donovani (at micromolar concentrations) but observed no activity against corresponding intramacrophage amastigote forms. We now describe results of the susceptibility testing of L. infantum life stage forms (promastigote and amastigote) with respect to selected semisynthetic and synthetic peroxides and their cytotoxicity. We demonstrate that the peroxide chemotype has potential as a tool for leishmaniasis chemotherapy in mammalian hosts.
An L. infantum strain (MHOM/PT/88/IMT151) from the Instituto de Higiene e Medicina Tropical (IHMT) cryobank, isolated from a visceral leishmaniasis human case without previous treatment, was selected. Leishmania parasites used for the in vitro experiments had Ͻ10 passages in culture to guarantee the virulence of the strains (15) and were used when the stationary phase of growth was reached (day 5 to 6), corresponding to the highest parasite density and percentage of infective promastigote (metacyclic) forms observed. Parasites were cultivated at 24°C Ϯ 1°C in RPMI 1640 medium with L-glutamine (Sigma) supplemented with 10% fetal calf serum (FCS) (Gibco), penicillin (10,000 IU/ ml) (Sigma), and streptomycin (10 mg/ml) (Sigma) (ϭ complete RPMI).
Dihydroartemisinin (DHA), artesunate (ATS), deoxygenated dihydroartemisinin (deoxy-DHA), deoxygenated artesunate (deoxy-ATS), and synthetic trioxolanes (LC95, LC67, and LC50) (Table 1) were prepared according to procedures described in the literature (9, 13) and were tested for antileishmanial activity. Deoxy-DHA and deoxy-ATS were used for proof of concept regarding the involvement of the peroxide bridge as a pharmacophore. Full experimental details regarding the synthesis and chemical characterization of the compounds are included in the supple-mental material. Stock solutions were prepared in dimethyl sulfoxide (DMSO) (Sigma), and working solutions presented Յ1% DMSO. All subsequent dilutions were freshly made with RPMI 1640. Amphotericin B (Sigma), miltefosine (Sigma), and pentamidine (Sigma) were used as controls.
For the promastigote susceptibility tests, parasites were plated in 96-well flat-bottomed microtiter plates for 48 h, at a final parasite density of 2.5 ϫ 10 6 parasites/ml in complete RPMI, in the presence of the studied compounds (six replicates of six different concentrations) and with the control drugs ( Table 1) . A 3-(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) colorimetric assay was used to access parasite viability in order to estimate the 50% inhibitory concentration (IC 50 ) (16, 17) . Optical density was measured spectrophotometrically at of 595 nm, as described by Denizot and Lang (16) . Three independent experiments were conducted.
In vitro intracellular amastigote susceptibility assays were performed by using the human acute monocytic leukemia cell line THP-1 (ATCC TIB-202) maintained in complete RPMI at 37°C Ϯ 1°C and 5% CO 2 . After 24 h of phorbol myristate acetate (PMA) (25 ng/ml; Sigma) differentiation of 1 ϫ 10 5 cells/ml in sterile 16-chamber Lab-Tek culture slides (Nunc), the cells were infected with 1 ϫ 10 6 cells/ml promastigotes in a 10:1 parasite-to-host cell proportion (18) for 24 h. Treatment (two replicates of six different concentrations) was performed with an additional 48 h of incubation, as previously described (Table 1) . Slides were fixed and stained, and the intensity of infection was evaluated by counting the number of parasites per 100 macrophages (19) in treated and nontreated cells. Two independent experiments were performed to determine the IC 50 of each compound.
The monocyte THP1 cell line was used in order to estimate the 50% cytotoxic concentration (CC 50 ) of the peroxides in host mammalian cells. A total of 1 ϫ 10 5 cells/ml were plated in 96-well tissue culture plates, and after 24 h of differentiation, compounds (four replicates of three different concentrations) (Table 1) were added for an exposure of 48 h. After 24 h at 37°C Ϯ 1°C and 5% CO 2 , 25 l/well of resazurin (250 g/ml; Sigma) was added, with an additional 24 h of incubation. Cell viability was evaluated by measuring fluorescence using a Triad multimode detector (Dynex Technologies) at excitation/emission wavelengths of 535/595 nm. Each compound was tested in three independent assays. Drug activity was expressed as the percentage of the viability of the parasites compared to that of the untreated controls. IC 50 and CC 50 were calculated by using nonlinear regression analysis with variable slope in GraphPad Prism 5.01 (GraphPad Software, San Diego, CA, USA). The selectivity index (SI) was determined based on the ratio of CC 50 /IC 50 , as described elsewhere (20) .
Our results showed that L. infantum parasites were susceptible to all peroxides scrutinized, at inhibitory concentrations (IC 50 ) ranging between 3.51 M and 1.25 mM for promastigote forms and between 79.76 M and 1.20 mM for intramacrophage amastigote forms ( Table 2 ). The IC 50 s were compared with those obtained for the control drugs. Artemisinin derivatives (DHA and ATS) showed lower antileishmanial activity than that of the control drugs in both forms of the parasite. On the other hand, the observed activities for synthetic trioxolanes LC50 and LC95 against promastigote (9.35 and 3.51 M, respectively) and intracellular amastigote (79.76 and 107.87 M, respectively) forms were close to those of the control drugs. Moreover, when tested for cytotoxicity, the trioxolanes LC50 and LC95 showed comparable or higher SI values than those of the control drugs ( Table 2) .
The results obtained demonstrate the potential of peroxides as scaffolds for leishmaniasis chemotherapy. Synthetic trioxolanes appear to be especially promising, considering their high antiparasitic activity, SI values, and the easy access to this chemotype by chemical synthesis. From the three trioxolanes tested, LC95 and LC50 presented the best activity and safety profiles. These compounds showed high antipromastigote activity and low host cell toxicity compared to those of the control drugs. The range of activity and safety data obtained for trioxolanes clearly show that the chemical nature of substituents linked to the endoperoxide core has an impact on performance. We believe that SAR studies on an extended library of trioxolanes will provide optimized leads.
Deoxygenated compounds (deoxy-DHA and deoxy-ATS), when tested in promastigotes, have shown higher IC 50 and lower SI values than those of their peroxide precursors, pointing to the importance of the peroxide linkage in activity and implicating the peroxide group as a putative pharmacophore, in keeping with previous results obtained for Plasmodium species (21) . Surprisingly, when tested in amastigotes, the opposite happens. An explanation for this unexpected behavior requires a deep investigation into the macrophage-amastigote system and into the bioaccumulation and mode of action for this class of compounds. The cellular membrane of the host and the parasitophorous vacuole may act as barriers to the direct interaction with the parasite. Additionally, artemisinin derivatives might act by an alternative mode of action, inhibiting specific parasite enzymes in a peroxide-independent manner.
This work brings new perspectives to the field of leishmaniasis chemotherapy, demonstrating that peroxides may be considered antileishmanial agents. This search is quite relevant, as leishmaniasis is, among other tropical diseases, in the lead in the discovery for novel drugs, since several factors, such as high cost, poor compliance, drug resistance, low efficacy, and poor safety (15) , limit the utility of the existing drugs in resource-poor settings. Synthetic peroxides were considered to circumvent known liabilities of ARTs, namely, poor bioavailability, short plasma half-life, relatively high cost due to low yield of extraction from Artemisia annua, and, although residual, some neurotoxicity (22) . Extensive studies centered on the pharmacokinetic and toxicological properties of a wide and chemically diverse range of trioxolanes have demonstrated that compared to the parent artemisinin deriva- tives, the plasma half-life of trioxolanes is longer, and the toxicity (including neurotoxicity) is lower (6, 8, 23, 24) .
In conclusion, this study shows that synthetic trioxolanes have potential as antiproliferative agents for the L. infantum promastigote stage, with LC95 and LC50 as potential candidates for the treatment of Leishmania infection. There is evidence for peroxidedependent toxicity, and in vitro results indicate that substituents linked to the trioxolane affect activity. Thus, a structure-based adjustment of chemical, biopharmaceutical, and treatment properties may be achieved and is facilitated by the ease of synthesizing analogues with chemical diversity. Although further studies are required for a deeper evaluation of the effectiveness of these compounds, using other L. infantum strains and also other Leishmania species, followed by in vivo studies (murine model) and safety profile studies (e.g., evaluation of genotoxicity), the data gathered and described here bring new molecules into consideration for use in Leishmania chemotherapy.
